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Abstract
We report the discovery of a deep, singular eclipse of the bona fide brown dwarf Roque 12, a
substellar member of the Pleiades. The eclipse was 0.6mag deep, lasted 1.3 h, and was observed with
two telescopes simultaneously in October 2002. No further eclipse was recorded, despite continuous
monitoring with Kepler/K2 over 70 d in 2015. There is tentative (2σ) evidence for radial velocity
variations of 5 kms−1, over timescales of three months. The best explanation for the eclipse is the
presence of a companion on an eccentric orbit. The observations constrain the eccentricity to e > 0.5,
the period to P > 70 d, and the mass of the companion to to ∼ 0.001 − 0.04M. In principle it is
also possible that the eclipse is caused by circum-sub-stellar material. Future data releases by Gaia
and later LSST as well as improved radial velocity constraints may be able to unambiguously confirm
the presence of the companion which would turn this system into one of the very few known eclipsing
binary brown dwarfs with known age.
1. INTRODUCTION
Stellar variability encodes information about stars and
their environment. Firstly, specific types of variability
can be used to infer fundamental properties of stars that
are notoriously difficult to determine by other means
(luminosity, radius, distance, rotation period). Second,
variability can reveal the existence of unseen objects
(e.g. exoplanets, stellar companions) or may be used
to map unresolved environments (e.g., protoplanetary
disks, AGN disks). And third, variability allows us to
directly witness dynamic, stochastic processes in the sur-
roundings of stars and other unresolved sources, includ-
ing magnetic activity, weather, accretion flicker, or disk
instabilities (Percy 2011).
Eclipses are a rich source of information as well as es-
sential calibrators for stellar models. Among eclipsing
binaries, those who belong to a cluster and thus have
a known age deserve a special distinction. For brown
dwarfs with masses below the sub-stellar limit, the lack
of known eclipsing binaries at different ages has been a
major hindrance for the development of models. Unlike
stars, brown dwarfs never reach a steady state like the
main sequence and cool down as they get older. The
atmospheres of brown dwarfs transition from an initial
state that is comparable to very low-mass stars to exo-
planet analogues with complex molecular chemistry, dust
formation, and clouds (Helling & Casewell 2014). The
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deep convection zones as well as the decline of fusion pro-
cesses in the core also pose challenges for models. Cali-
brators are therefore needed at all evolutionary stages.
For a decade, only one bona fide brown dwarf eclipsing
binary has been known, a member of the 1Myr old Orion
Nebula Cluster (Stassun et al. 2006). This one has shown
a temperature reversal, with the more massive compo-
nent being cooler than the secondary and demonstrated
the need to take into account the effects of magnetic fields
in evolutionary models for brown dwarfs (Stassun et al.
2007). Two more eclipsing systems with a pair of brown
dwarfs have been found more recently, both in systems
with more components, one in the 5-10Myr Upper Scor-
pius association (David et al. 2016) (but see also Wang et
al. (2018)), and one with a grazing eclipse in the 45Myr
old Argos moving group (Triaud et al. 2020). A few more
detached very low mass eclipsing binaries with a compo-
nent below the brown dwarf mass limit have been dis-
covered as well (e.g. Lodieu et al. 2015; Irwin et al. 2010;
Johnson et al. 2011). For a large part of the age-mass
parameter space, however, there is still no eclipsing sub-
stellar system to provide a sanity check for evolutionary
models.
Not only compact objects can cause eclipses. Stars (or
brown dwarfs) are occasionally obscured by material in
orbit around them. These sources are excellent labora-
tories to obtain spatial information about processes in
disks or clouds or tori that are otherwise impossible to
resolve. Stars like UXOri (Grinin et al. 1994), KH15D
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2(Herbst et al. 2002), Aur (Kopal 1971), AATau (Bou-
vier et al. 1999), and RWAur (Bozhinova et al. 2016) are
prominent examples of systems with deep eclipses that
have provided valuable insights into early stellar evolu-
tion and planet forming processes. For young low-mass
stars, in particular, eclipses by circumstellar material
may currently be the only passable method to gain spa-
tial information on scales smaller than 1AU which can-
not be reached with submm/mm interferometry or Adap-
tive Optics (Evitts et al. 2020). Moreover, the resolution
that can be achieved by modeling variability caused by
obscurations is independent of distance and applicable
down to very faint stars. For brown dwarfs this technique
is currently the only hope of mapping the planet-forming
zone around them.
For all these reasons it is thought of as critical to find
rare systems undergoing eclipses, even more so when the
primary source of light is a brown dwarf. Here we report
such a system, for which we observed one singular deep
and short eclipse in October 2002, an event that is best
explained by a sub-stellar/planetary companion on an
eccentric orbit, but could in principle also be caused by
circum-sub-stellar dust.
2. ROQUE 12
Roque 12 is a bona fide brown dwarf in the Pleiades
star cluster, in the following called R12 (also named
BPL172; α 03:48:19.0 δ +24:25:13.0 J2000.0). It
was identified in several deep wide-field surveys of the
Pleiades from colour-magnitude diagrams (Zapatero Os-
orio et al. 1997; Pinfield et al. 2000). To our knowl-
edge, the only spectrum in the literature was published
by Martín et al. (1998). The object has a spectral
type of M7.5 and shows Hα emission (equivalent width
19.7Å). No Li I absorption is found, with an upper limit
of 1.5Å. Compared to the Li I EW in other Pleiades
brown dwarfs (0.5-2.5Å), this does not firmly rule out the
presence of Li I. The kinematics, colours, and Hα emis-
sion are all consistent with cluster membership (Martín
et al. 1998; Pinfield et al. 2000; Stauffer et al. 2007;
Lodieu et al. 2012). Judged by its position in the color-
magnitude diagram, R12 is a single object with a mass
of around 0.06M. The brown dwarf has an entry in
the Gaia Data Release 2 catalogue, with a parallax of
8.6±1.2mas and proper motions of µα = 18±3mas yr−1,
µδ = −43 ± 2mas yr−1. These values are again in line
with what we expect for members of the Pleiades. Based
on Gaia DR2, Gao (2019) derive a membership probabil-
ity of 0.956. The object is also listed in AllWISE (Cutri
et al. 2013), with magnitudes of 14.7 and 14.6 at 3.4 and
4.6µm, respectively, that means, there is no evidence for
warm circum-sub-stellar dust.
3. OBSERVATIONS
3.1. Calar Alto 1.23m
In October 2002 we monitored a field in the Pleiades
covering R12 over three weeks, using the 1.23m tele-
scope at the German Spanish Astronomical Centre on
Calar Alto. The telescope was equipped with a 2k×2k
CCD covering 17′ × 17′ on the sky. All images were
taken in the I-band with 600 sec exposure time. Obser-
vations were carried out on 15 nights between Oct 2 and
Oct 18; several nights of the run were not usable due
to unfavourable weather conditions. The main purpose
of this observing run was to measure rotation periods
for very low mass Pleiades members; the full details of
analysis and results are reported in Scholz & Eislöffel
(2004). Light curves were derived using the ’Optimal
Image Subtraction’ method (Alard & Lupton 1998) in
an implementation developed by the Wendelstein Calar
Alto Pixellensing Project (Riffeser et al. 2001; Gössl &
Riffeser 2002). We achieved a typical photometric preci-
sion of 1% for stars with I = 17mag and 2% for stars at
I = 18.
The full lightcurve for R12 is shown in the left panel of
Fig. 1, with a closeup view provided in the right panel.
In the penultimate night of the observing run a deep
eclipse in R12 is visible. The event is clearly detected
in photometry from the reduced frames at t = 16.61 d
(JD = 2452566.61 d). It is also visible in the lightcurve
derived from raw images. The eclipse reaches a depth of
0.65mag compared with the average I-band magnitude
over the entire campaign. The length of the event, which
is covered by only four data points, is 1.3± 0.3h.
3.2. Calar Alto 2.2m
During the last part of this campaign (Oct 17-19),
we observed the fields discussed above also with the
2.2m telescope on Calar Alto using the infrared camera
MAGIC (Herbst et al. 1993). This camera in wide-field
mode gives a field of view of 7′ × 7′. We observed alter-
nately in J- and H-band, with exposures times of 13× 5
and 19 × 5 sec. This observing sequence covered half of
the eclipse seen in the I-band data in the neighbouring
1.23m telescope, but only in the J-band. A standard
data reduction was carried out, using sky subtraction,
bias correction, and flatfield correction. The lightcurve
for R12 was derived using standard aperture photome-
try followed by differential correction using non-variable
stars in the same field. The full details of this cam-
paign are described in Scholz et al. (2005). The eclipse
lightcurve from this run together with the close-up view
of the I-band lightcurve is shown in Fig. 1, right panel.
The eclipse depth in the J-band is the same as in the
I-band, within the uncertainties of ±0.05mag.
3.3. Kepler K2
Roque 12 was observed as part of campaign 4 of the
Kepler K2 mission (Howell et al. 2014), under EPIC no.
211090981, in GO program 4026 (PI: A. Scholz). Con-
tinuous observations with a standard cadence of 30min
were carried out from Feb 07 2015 to Apr 23 2015. The
Kepler magnitude for R12 is 17.628, at the faint end of
the magnitude distribution of K2 targets. We retrieved
the lightcurve for R12 from MAST on September 4th
2015. The PDCSAP lightcurve after removing system-
atics (Twicken et al. 2010; Jenkins et al. 2010) is shown
in Fig. 2, after dividing by the mean.
The lightcurve contains 3470 data points in total, 190
of them are > 1.2 and not shown in the figure. No data
points are below 0.8, however. The standard deviation
of the lightcurve without the positive outliers is 0.035,
the average photometric error 0.024. Any repetition of
the eclipse observed in 2002 would be clearly visible in
the lightcurve as multiple negative outliers. Thus, if the
eclipses are periodically recurring, the K2 lightcurve puts
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Fig. 1.— Left panel: I-band lightcurve for R12 for Oct 2-20 2002, observed with the 1.23m telescope on Calar Alto. The eclipse is
clearly detected at t = 16.6d. Right panel: I- and J-band lightcurve for the night Oct 18-19 2002, observed with the 1.23m and 2.2m
telescopes on Calar Alto. Within the errors, the eclipse depth is the same in the two bands.
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Fig. 2.— K2 lightcurve for Roque 12. Shown are the relative
fluxes from the PDCSAP dataset.
a definite lower limit of 70 d on the period. More recent
versions of the same lightcurve, after correcting for sys-
tematics, do not give any different result. To rule out
that the eclipse make the object too faint to be detected,
we investigated the K2 lightcurve interactively with the
Lightkurve tool (Lightkurve Collaboration et al. 2018).
The source, however, is visible in all frames, including
the ones with ’nan’ data points in the lightcurve, with-
out any evidence for anomalous behaviour.
3.4. Spectroscopy with VLT-UVES
In 2003-2004, a total of 13 epochs of high-resolution
spectroscopy were obtained with UVES at the ESO-VLT,
in the framework of ESO program 072.C-0071. In prin-
ciple, this data set is useful in constraining the pres-
ence of companions through measurement of radial ve-
locities (RV). The observations were carried out 6-11th
October 2003 (4 epochs) and 13-28th January 2004 (9
epochs). These spectra span a wavelength range from
665 to 1042 nm with a nominal resolution of 34000. Only
the red arm was used, with grism ’CD#4’. The integra-
tion time for each spectrum was 3000 sec.
We retrieved the extracted spectra for this run from
the ESO archive in April 2020; the pipeline reduction
was performed on 2017-10-26. The signal-to-noise ratio
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Fig. 3.— Radial velocities for Roque 12, measured with
UVES/VLT. Shown are the individual epochs (blue) and the aver-
ages for the two groups of epochs (red).
in the spectra is poor; it ranges from ∼ 1 at the blue end
to ∼ 10 at the red end. As a result, only the strongest
features are clearly detected and the constraints on RV
are weak.
We measured RV for all epochs by fitting the Na dou-
blet at 8183/8195Å, the strongest absorption lines in the
spectrum of R12, with a Gaussian. We adopted the aver-
age of the two measurements as radial velocity, and half
of the difference between the two as uncertainty. Af-
ter heliocentric correction, the resulting RV range from
−3 to 10 kms−1, with an average of 2.6 ± 2.3 kms−1.
For comparison, the RV of the Pleiades cluster is ∼
6 kms−1 (Mermilliod et al. 2009). The average RV is
−1.1±2.3 kms−1 in October 2003 and 4.3±2.4 kms−1 in
January 2004. This might indicate long-term variations
in the radial velocity with an amplitude of ∼ 5 kms−1,
but at this point the evidence is only tentative. We show
the radial velocity measurements in Fig. 3.
3.5. Summary of observations
The unique event seen in October 2002 with two Calar
Alto telescopes simultaneously remains to date the only
eclipse observed in this object. The non-detection in
the Kepler/K2 lightcurve limits any possible period to
> 70 d. There is weak evidence for radial velocity vari-
4ations on timescales of months. We note that to our
knowledge there is no additional indication of photomet-
ric variability in the literature or in public archives.
4. EXPLAINING THE ECLIPSE
The possible explanations for the singular eclipse fall
into three broad categories: a sub-stellar or planetary
companion to R12, a cloud in orbit around R12, an object
between Earth and the Pleiades, but not associated with
R12. These options will be discussed in the following.
We do not claim that the discussed ideas exhaust the
entire range of plausible explanations.
4.1. Companion
If the eclipse is caused by a companion, the charac-
teristics of the eclipse give us constraints on its nature.
The lack of a measurable colour change as well as the
fact that R12 is positioned close to the single object se-
quence in Pleiades colour-magnitude diagrams (Lodieu et
al. 2012), tells us that the second body contributes lit-
tle to the flux (. 10%). Based on the 120Myr DUSTY
isochrone (Allard et al. 2001), this limits the secondary
mass to . 0.04M, i.e. it cannot be an equal mass com-
panion. The eclipse depth of 0.65mag means that the
eclipsing body, if it contributes no flux, has to cover al-
most half (45%) of the primary object. Taken together,
the companion can only be a low-mass brown dwarf or a
giant planet; both types of object would have sizes com-
parable to the primary brown dwarf.
For the observed eclipse duration of 1.3 h, the expected
period for a circular Keplerian orbit is ∼ 15 days, with
large uncertainty given the unknown mass of the com-
panion and the poorly sampled eclipse. Periods shorter
than that can be ruled out, based solely on the eclipse
duration. As stated in Sect. 3.3, periods < 70 d are
unambiguously excluded by the K2 lightcurve.
For an eccentric orbit to produce such a short eclipse
in a system as described, the eccentricity has to be at
least e ∼ 0.5. The required eccentricity is shown in Fig.
4, left panel, as a function of period for three assumed
companion masses, derived from Kepler’s laws. With
object masses M1, M2, semi major axis a, the eclipse
duration t, the object radius R, we plot the eccentricity
e as:
e =
X − 1
X + 1
(1)
with
X =
(
2R
t
)2
a
G(M1 +M2)
(2)
For this calculation we assumed that the eclipse hap-
pened at periastron, the time of the closest approach; if it
happened at any other point in the orbit, the eccentricity
would need to be larger. With a highly eccentric orbit,
the period may be in the range of several years. The
resulting minimum orbital separations are plotted in the
right panel of the same figure, again as a function of pe-
riod. Values of 120-180 times the radius of the brown
dwarf are plausible, corresponding to 0.07-0.11AU.
In an eccentric Keplerian orbit, companions with
masses of MB = 0.01 − 0.04M would cause an orbital
velocity in the primary of 6-15 kms−1 at periastron, and
a few kms−1 at apastron; the latter will depend on the
orbital period. These values are consistent with the ten-
tative radial velocity variations reported in Sect. 3.
Physically, the described system is plausible, but how
unusual would it be? The fraction of unresolved brown
dwarf-brown dwarf systems in the Pleiades is 27.1±5.8%
(Lodieu et al. 2012). Giant planets around brown dwarfs
have also been found, from direct imaging (Chauvin et
al. 2004) and microlensing (Han et al. 2013; Jung et al.
2018). Thus, finding an eclipsing brown dwarf or giant
planet companion around a brown dwarf is not implau-
sible.
High eccentricities as needed to explain the singular
eclipse for R12 have also been observed for similar and
related systems. Dupuy & Liu (2011) investigated bina-
ries among very low mass stars and brown dwarfs and
find that the eccentricities span a broad range, includ-
ing those with high eccentricities up to e ∼ 0.8. Their
sample covers a very wide range in periods, from a few
days to many years, including the plausible periods for
the R12 system.
In a population level analysis of directly imaged sub-
stellar and planetary companions around stars, Bowler
et al. (2020) find that the eccentricity distribution is flat
between 5 and 100AU separations. Brown dwarf com-
panions exhibit a broad peak between e = 0.6 − 0.9.
High eccentricities > 0.5 are not very common among
the known giant planets in close orbit around stars, but
they do exist in significant numbers (Winn & Fabrycky
2015).
If R12 had a low-mass companion, it would likely have
avoided circularisation. For low-mass stars, the cut-off
period for tidal circularisation of orbits at the age of the
Pleiades is around 8 d (Zahn 2005). This value should de-
pend weakly on the stellar mass/radius and is expected
to be slightly larger for very low mass systems. The pe-
riod in the putative R12 system, however, is sufficiently
long to be above this threshold.
We conclude that an ultra-low mass companion on an
eccentric orbit is a plausible explanation for the eclipse
observed for R12.
4.2. Circum-sub-stellar clouds
In this scenario, we observed a dusty, circum-sub-
stellar, optically thin cloud passing in front of the brown
dwarf. Due to the lack of reddening observed during the
eclipse, any optically thin occulter has to be made of
grains that are large in comparison with the wavelength,
i.e. >> 1µm, to cause grey extinction. Grains of that
nature are readily formed in accretion disks and should
also be common in debris disks (Testi et al. 2014).
The fast ingress and egress would point to a cloud mov-
ing at a high velocity of ∼ 50 kms−1, to be able to travel
the diameter of the brown dwarf within an hour. The
uniqueness of the eclipse could be explained by material
spiralling or falling into the central object. As shown in
Scholz et al. (2019), only very little dust (<< MEarth) is
needed to cause substantial absorption along the line of
sight. That means, this explanation does not necessar-
ily conflict with the lack of infrared excess. A possible
scenario to create such a cloud would be a something
akin to a comet swarm on a highly eccentric orbit being
destroyed as it approaches the central object.
There is a growing class of evolved stars showing
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Fig. 4.— Left: Eccentricity as function of period for a 1.3 hr long eclipse of a 0.06M brown dwarf by a 0.04 (black), 0.02 (red), 0.01M
(blue) companion, assuming an object radius of 0.13R and the eclipse occurring at periastron. Right: Minimum distance between the
two objects in units of the object radius (0.13R).
eclipses or ’dips’ in the lightcurve due to circumstellar
material, although there is no IR excess indicating the
presence of a debris or accretion disk. The most promi-
nent one might be Boyajian’s Star found in the Kepler
data set (Boyajian et al. 2016), but there are other ex-
amples at younger ages (Stauffer et al. 2017), see also
Scholz et al. (2019) for a discussion. A brown dwarf in
σOrionis might also belong into that category (Elliott
et al. 2017). Among Pleiades members, a few examples
of such disk-less ’dippers’ have been identified (Rebull
et al. 2016). R12 could be another enigmatic member
of this family of objects, with one singular deep eclipse,
instead of many shallow ones. We note that the radial
velocity variations, if confirmed, cannot be explained by
dust occultations.
4.3. Occulter unrelated to R12
This scenario can be sub-divided in two possibilities,
depending on the location of the occulter. One option
is that R12 is eclipsed by an object in the solar sys-
tem. R12 is a point source and at the minimum of the
eclipse the flux is still more than 50% of the light out of
eclipse. Therefore, the occulter should have been visible
in our images before and after the eclipse, which is not
the case. Asteroid occultations are also very short (sec-
onds for main belt asteroids or minutes for Kuiper belt
objects), not comparable to the observed eclipse in R12.
Therefore, this option can be excluded.
The alternative possibility is the presence of an occul-
ter along the line of sight, for example, a dusty cloud. For
typical ISM grains, the eclipse in the I-band should be
about 1.7 times deeper than in the J-band (Mathis 1990),
which is not observed. In theory, the occulter could be
part of a disk with processed grains around a fast mov-
ing young star in the foreground. There is no evidence
of such an object in our images or in the archives. The
proximity of R12 as member of the Pleiades renders this
explanation implausible. We refer to Wright & Sigurds-
son (2016) for a more detailed discussion of this kind of
scenario.
Instead of an interstellar dust cloud, the occulter could
be a free-floating low-mass brown dwarf or giant planet
passing through the line of sight. Such objects can be
sufficiently red and faint to be undetectable in our opti-
cal images. From surveys of star forming regions (Scholz
et al. 2012) and from microlensing studies (Mróz et al.
2017) we know that these type of objects are significantly
less common than stars in the Milky Way, but still exist
in substantial numbers. For an eclipse of this nature to
happen, the free-floating planet or brown dwarf would
have to be located in the cone-shaped volume towards
R12. Typical space densities for this type of object are
in the range of 0.1 pc−3 (Marocco et al. 2015). With this
number, the volume towards R12 would contain 10−16
free-floating planets or brown dwarfs. The available pho-
tometry covers around 1000 times the duration of the
eclipse. Thus, the chances of finding an eclipse in that
observing span are in the range of 10−13 and thus negli-
gible. We conclude that this explanation is not plausible.
5. SUMMARY AND OUTLOOK
We report the discovery of a deep, unique eclipse in the
brown dwarf Roque 12, a bona fide member of the young
cluster Pleiades with an age of 120Myr. The eclipse was
observed in 2002 with two telescopes simultaneously, is
0.6mag deep and lasted 1.0-1.6 hours. The Kepler/K2
lightcurve from 2015 does not show any signs of further
eclipses, ruling out that the event is periodic with periods
shorter than 70 d. There is tentative evidence for radial
velocity variations in this target of ∼ 5 kms−1.
It is in principle conceivable that the eclipse was caused
by a circum-sub-stellar dust cloud. Obscuration by ob-
jects along the line of sight, but unrelated to Roque 12
are considered highly unlikely. The most plausible ex-
planation, however, is the presence of a sub-stellar com-
panion on an eccentric orbit, with e > 0.5. A low mass
brown dwarf or a giant planet as companion fit the ob-
servational constraints, with a mass ratio q < 0.7. The
Roque 12 system could be one of very few known eclips-
ing binaries in the brown dwarf domain, the first with
high eccentricity and long period. A system like that
would be uniquely suited to test evolutionary models for
sub-stellar objects.
What are the prospects of confirming the presence of
a companion? Apart from improved radial velocity con-
straints (see Sect. 3), astrometry from Gaia may in the
6near future be able to provide more information. For the
plausible system parameters (see Sect. 4.1) the semi-
minor axis times two corresponds to 0.5 to 4mas in the
plane of the sky. For the semi-major axis times two, it
would be up to 8mas. In Gaia DR2, the astrometric ex-
cess noise listed for R12 is nearly 4mas, and thus already
excludes parts of the possible orbital parameter space.
Further photometric monitoring would allow us to ei-
ther fix the quantity n× P if a period is detected, or at
least rule out a range of periods. This does require deep
continuous observations at high cadence and is therefore
not an easy task. R12 is too far north for the baseline
survey of the Vera Rubin Observatory, but since it is
only 4 deg away from the ecliptic, the object may still
be covered regularly as part of surveys for solar system
objects, albeit at high airmass. In a best case scenario
with one eclipse every three months, the odds to catch
the object in eclipse with a single visit are about 1/2000
or 0.05%. We encourage the astronomical community to
help hunting for the putative second eclipse of Roque 12.
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